A genetic linkage map of the Japanese pear (Pyrus pyrifolia Nakai) 'Housui' was constructed based on simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP) markers. A mapping population derived from a cross between 'Bartlett' and 'Housui' was used to create the linkage map of 'Housui'. Segregation data on 63 progeny were scored using a pseudo-testcross strategy. The linkage map of 'Housui' consisted of 17 linkage groups (LGs) spanned 1,174 cM with an average distance of 3.5 cM between markers. A total of 335 loci (105 SSRs, 224 AFLPs, and 6 others) were used to construct the genetic linkage map. We successfully aligned all
Introduction
Pears (Pyrus spp.) have been one of the most important fruit trees in Europe, East Asia, and North America for up to 3,000 years. Pears are commercially grown in approx. 50 temperate climate countries (Bell, 1990; Bell et al., 1996) . The genus Pyrus contains approx. 30 species, among which the Japanese pear (P. pyrifolia Nakai), Chinese pear (P. bretschneideri Rehd. and P. ussuriensis Maxim.), and European pear (P. communis L.) are the major edible species commercially cultivated for fruit production: the former two pears are cultivated in East Asia, and the latter is grown in Europe, North America, and temperate regions of the southern hemisphere. Approx. 20 million tonnes of pear fruits are produced worldwide, and account for 4% of all fruit production (FAOSTAT, 2005 , http://faostat.fao.org/). Pears are the second most important fruit trees in Maloideae after apples.
The Japanese pear is mainly cultivated in Japan, and the annual harvest of Japanese pear is approx. 300,000 tonnes while that of European pear is only 30,000 tonnes (Statistics of Agriculture, Forestry and Fishers, 2006 , http://www.maff.go.jp/tokei.html). 'Kousui' and 'Housui' account for more than 60% of Japanese pear production. Improvement of texture was the focus of the breeding program of Japanese pear, and 'Nijisseiki' has often been used as a parent. 'Kousui' and 'Housui' also have 'Nijisseiki' as an ancestor (Sawamura et al., 2004) . As a result of biased crossing and selection, commercial cultivars are closely related to 'Nijisseiki' and inbreeding is a concern (Kajiura and Sato, 1990) ; therefore, new cultivars originating from native cultivars other than 'Nijisseiki' will be required.
Marker-assisted selection (MAS), which can quickly 418 screen seedlings possessing the target gene using molecular markers closely linked to a target gene as a tag (McCouch and Tanksley, 1991) , is useful for the traditional breeding of perennial fruit trees. Early selection of seedlings is very important in the breeding of fruit trees because perennial fruit trees flower and bear fruits several years after seedlings are planted, which is termed juvenility. A long juvenile phase is a serious constraint of traditional breeding because large fields and much labor are required to maintain numerous nursery plants over a long period. Breeding efficiency could be improved using MAS in the fruit breeding program (Luby and Shaw, 2001) . A genetic linkage map would facilitate genetic investigations and elucidate more efficient breeding strategies (Paterson et al., 1991; Staub et al., 1996) . High-density linkage maps would also help to locate genes of interest for MAS and to identify quantitative trait loci (QTL). Yamamoto et al. (2007) reported genetic linkage maps of the European pear cultivars 'Bartlett' and 'La France' based on simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP) markers. These maps were composed of 17 linkage groups (LGs), including 447 and 414 markers and covering 1,000 cM and 1,156 cM of 'Bartlett' and 'La France', respectively. The number of LGs corresponded to the basic chromosome number (x = 17). Since these pear maps were successfully aligned with the saturated reference map of apple (Liebhard et al., 2003b) for all 17 LGs, they were considered as reference maps for European pear. In Japanese pear, genetic linkage maps have also been reported (Iketani et al., 2001; Yamamoto et al., 2002c Yamamoto et al., , 2004 . Iketani et al. (2001) created genetic linkage maps of 'Kousui' and 'Kinchaku' consisting of 22 and 18 LGs, respectively, with two disease-related genes by using random amplified polymorphic DNA (RAPD) markers. The genetic linkage map of 'Housui' was constructed based on AFLP and SSR markers (Yamamoto et al., 2002c . The map of 'Housui' contained 180 loci, including 110 AFLPs, 64 SSRs (29 pear, 29 apple, and 6 Prunus SSRs), 2 phenotypic traits, and 4 other markers on 20 LGs, encompassing a genetic distance of 995 cM ; however, the number of LGs on these maps did not correspond to its basic chromosome number, and several LGs were fragmented or unaligned. The genetic linkage map was very useful in fundamental and applied genetic researches and could help to locate genes of interest for MAS; however, no genetic linkage maps, which were comprised of 17 LGs, have been reported in Japanese pears.
In this study, additional SSR and AFLP markers were mapped to refine the genetic linkage map of the Japanese pear 'Housui'. Since a previous linkage map of 'Housui' was fragmented and composed of 20 LGs , the number of LGs of the linkage map corresponded to its basic chromosome number (x = 17) by mapping additional molecular markers. Furthermore, the genotypes of parental and ancestral cultivars of 'Housui' were investigated.
Materials and Methods

Plant materials and DNA extraction
The mapping population of the interspecific cross between the European pear 'Bartlett' and the Japanese pear 'Housui' (63 F 1 plantlets) was used to construct the genetic linkage map of 'Housui'.
Genomic DNA was extracted from young leaves either using the CTAB-based method (Hasebe and Iwatsuki, 1990; Yamamoto et al., 2001) or a Genomic-tip 20/G with a Genomic DNA Buffer Set (QIAGEN, Tokyo, Japan) following the manufacturer's instructions with slight modifications .
SSR analysis
A total of 103 SSR markers derived from 'Bartlett' or 'Housui' were tested (Sawamura et al., 2004; Yamamoto et al., 2002a-c; AB302416-AB302443) , and these markers are indicated by "BG", "HG", "KA", "NB", "NH", "RLG", or "TsuENH". Out of 103 SSR markers tested, 54 markers have been used previously , and 49 markers were analyzed in this study (Sawamura et al., 2004; AB302416-AB302443) . Of 49 new markers, 46 SSRs were originated from the pear genome sequence, and another 3 SSRs (TsuENH006, TsuENH086, and TsuENH094) were developed from the pear expressed sequence tag (EST). ESTs were generated from cDNA libraries constructed from different tissues and developmental stages of fruits of the Japanese pear 'Housui' (Nishitani et al., 2005) . The subset of ESTs containing SSR was selected by using the Tandem Repeats Finder 4.00 (Benson, 1999) , and then primer pairs were designed with the Primer3-Web (Rozen and Skaletsky, 2000 , http:// frodo.wi.mit.edu/primer3/input.htm). General primer picking conditions were a primer size of 20-25 bp (optimum 23 bp), primer Tm of 57-67°C (optimum 63°C), max Tm difference of 1°C, primer GC% of 50-60% (optimum 55%), and product size range of 100-300 bp. Each set of primer sequences was as follows; TsuENH006-F: 5'-atcagaggctactccaatggtga-3' and TsuENH006-R: 5'-tgttaaagaccagaaagcccttg-3', TsuENH086-F:
5'-ctctgttctgcttcgattctgct-3' and TsuENH086-R:
5'-gtccacgttcaccatttttcagt-3', and TsuENH094-F:
5'-gcccgaatagtcccacaacc-3' and TsuENH094-R: 5'-ttcctcatccgtgccactattta-3'. Forward primer was labeled with a fluorescent chemical (Fam, Vic, or Ned; Applied Biosystems, Tokyo, Japan), and unlabelled reverse primer was pig-tailed (Brownstein et al., 1996) .
We examined 157 apple SSR markers, which were identified to be mapped a apple reference maps (Gianfranceschi et al., 1998; Guilford et al., 1997; Liebhard et al., 2002; Vinatzer et al., 2004) . Among 157 markers, 84 markers were previously analyzed , and another 73 markers were newly tested (Liebhard et al., 2002; Vinatzer et al., 2004) . SSR markers developed from apple were prefixed with "MS", "NZ", or "CH".
To detect microsatellite loci in Japanese pear, 65 SSRs originating from peach [Prunus persica (L.) Batsch] and sweet cherry (P. avium L.) were used in the linkage map of 'Housui' as described in Yamamoto et al. (2004) .
PCR amplification was performed in a total volume of 20 μL containing 10 ng genomic DNA, 0.5 μM each primer, 0.2 mM dNTPs, 1 × PCR buffer (10 mM TrisHCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , and 0.001% gelatine), and 0.5 units of AmpliTaq DNA polymerase (Applied Biosystems). DNA was amplified in a GeneAmp PCR system 9700 (Applied Biosystems) by an initial denaturation step at 94°C for 5 min; 35 cycles at 94°C for 1 min (denaturation), 50-60°C for 1 min (annealing), and 72°C for 1 min (extension); and a final extension at 72°C for 7 min. Amplified DNA fragments were separated using a PRISM 377 or a Genetic Analyzer 3100 DNA sequencer (Applied Biosystems) with an internal size standard (GeneScan 350TAMRA or ROX HD-400; Applied Biosystems). Data were collected and analyzed using GeneScan software (Applied Biosystems).
AFLP analysis and other markers
AFLP analysis was performed as described by Vos et al. (1995) using an AFLP Analysis System II (Invitrogen, Tokyo, Japan). Genomic DNA (200 ng) was digested with EcoR I and Mse I, and the adaptors were ligated to DNA fragments. AFLP pre-amp primer mix II (Invitrogen) was used for pre-amplification. Selective amplification was performed with 64 primer combinations of 8 Fam-labeled EcoR I primers (AC, AG, CC, CG, GC, GG, TC, and TG) and 8 Mse I primers (CAA, CAC, CAG, CAT, CTA, CTC, CTG, and CTT). The PCR products were separated and detected using a PRISM 377 DNA sequencer or a Genetic Analyzer 3100 DNA sequencer (Applied Biosystems). The designation of AFLP markers is based on the primer combination and the fragment size in bp (EcoR I primer/Mse I primerfragment size). Of 64 primer combinations, 40 combinations of 5 EcoR I primers (AC, AG, TG, TC, and GC) and 8 Mse I primers were previously tested . In the present study, 24 combinations of 3 EcoR I primers (CC, CG, and GG) and 8 Mse I primers were newly established. Other molecular markers (isozymes, self-incompatibility locus, and phenotypic traits in leaves) were used in the genetic mapping of 'Housui' as described (Yamamoto et al., 2002c; Yamamoto et al., 2004) .
Linkage analysis and Map construction
The genetic linkage map of 'Housui' was constructed using JoinMap 3.0 (Van Ooijen and Voorrips, 2001), and a pseudo-testcross strategy was applied to create the genetic linkage map (Grattapaglia and Sederoff, 1994) . A LOD score of 5.0 was used to define LGs, and map distances were calculated according to Kosambi's mapping function (Kosambi, 1944) . Genetic linkage maps were drawn using MapChart 2.2 software (Voorrips, 2002) .
DNA fingerprinting of parental and ancestral cultivars of 'Housui' According to Sawamura et al. (2004) , seven Japanese pear cultivars used for breeding 'Housui' were selected: 'Kousui', I-33, 'Kikusui', 'Wasekouzou', 'Ishiiwase', 'Nijisseiki', and 'Taihaku' (Fig. 1) . All plant materials were obtained from the National Institute of Fruit Tree Science (Ibaraki, Japan). Genomic DNA was isolated from young leaves using a Genomic-tip 20/G with a Genomic DNA Buffer Set (QIAGEN). PCR amplification was performed with SSR markers, which were single-locus type and mapped on LG 4, LG 5, or LG 12 of reference maps of apple and pear (Table 1) (Silfverberg-Dilworth et al., 2006; Yamamoto et al., 2007) . PCR products were separated using a Genetic Analyzer 3100 DNA sequencer.
Results and Discussion
Marker analysis
Among 103 pear SSR markers tested, 42 markers generated 45 polymorphic loci, i.e., heterozygous genotype in 'Housui' and polymorphic band patterns between 'Bartlett' and 'Housui'. The segregation ratio was distorted from the expected ratio of 1 : 1 (P < 0.05) in 2 loci.
A total of 157 apple SSR markers were screened, and 52 markers amplified 55 polymorphic loci. The distorted segregation ratio was observed in 6 loci (P < 0.05). Among 52 polymorphic markers, the positions of 14 markers were not identified on apple reference maps.
Of 65 SSRs originating from peach and sweet cherry, 7 SSRs produced discrete amplified fragments and showed segregating genotypes. Among 7 SSRs, 4 markers (UDP98-018, UDP96-019, M11a, and PS12A02) amplified 6 polymorphic loci in Japanese pear 'Housui'; UDP98-018, UDP96-019, and M11a were obtained from peach (Cipriani et al., 1999; Testolin et al., 2000; Yamamoto et al., 2002d) , and PS12A02 was designed from sweet cherry (Sosinski et al., 2000) . Among the 64 AFLP primer combinations tested, 60 primer pairs produced 233 polymorphic fragments, i.e., presence in 'Housui' and absence in 'Bartlett'. Other 4 primer pairs (AG/CTA, AG/CTT, TG/CTA, and TG/ CTG) showed no polymorphism. Each primer sets amplified fragments in the range of 0-11, with an average number of 3.6. The segregation ratio was distorted from the expected ratio in 23 loci (P < 0.05).
Map construction
A genetic linkage map of Japanese pear 'Housui' was constructed based on AFLP and SSR markers. This linkage map consisted of 16 LGs and spanned 1,174 cM with an average distance of 3.5 cM between markers. The size of LGs ranged from 9.7 cM (LG 4) to 118.7 cM (LG 15). Thirteen polymorphic loci (4 SSR and 9 AFLP loci) were not grouped to any LGs. Out of four SSRs ungrouped, two were multi-loci-type markers. Since the number of ungrouped markers was very few, it was considered that the linkage map of 'Housui' covered almost all heterozygous regions using a pseudo-testcross strategy. All LGs were aligned to the European pear and apple reference maps (Silfverberg-Dilworth et al., 2006; Yamamoto et al., 2007) with anchored SSR markers (data not shown). Yamamoto et al. (2004) reported the genetic linkage map of 'Housui' consisted of 20 LGs. . y Unmapped in 'Bartlett'. Value transferred from the linkage map of the apple (Silfverberg-Dilworth et al., 2006) or the European pear 'La France' ). x Numbers separated by "/" indicate the estimated size (bp) of the alleles of the same locus.
LG 190/190 190/196 190/190 190/190 190/196 190/190 190/190 190/196 11.4 Several fragmented LGs (LG 1, LG 3, and LG 15; Yamamoto et al., 2004) could be connected. Two pairs of unaligned LGs (LG 18 and LG 19; Yamamoto et al., 2004) were successfully linked, and this LG was identified to be LG 7 because TsuENH006 and TsuENH094 were single-locus SSR markers and mapped on LG 7 of the reference map of European pear 'La France' (data not shown). Another fragment of LG, previously designated LG 20 , was grouped with two SSRs CH04f04 and TsuENH086. CH04f04, which was a presumed single-locus SSR, has not been mapped on apple reference maps (Liebhard et al., 2002) , but TsuENH086 was located on LG 5 of the reference map of 'La France', indicating that this group is LG 5. The segregation ratio was distorted in 30 loci, and LG 2 was distorted in almost all regions. Distorted areas were locally found in LG 11 and LG 13. The SSR marker NZ28f04 developed from apple showed a heterozygous genotype for 'Housui', but no other markers were grouped to NZ28f04. This SSR marker, showing a single-locus type, was reported to be mapped on LG 12 of apple (Guilford et al., 1997; SilfverbergDilworth et al., 2006) and European pear reference linkage maps. We identified the NZ28f04 locus as the fragmental genome region of putative LG 12 in the linkage map of 'Housui'. Therefore, 335 loci (105 SSRs, 224 AFLPs, and 6 others) were used to construct the genetic linkage map of 'Housui', and this map was composed of 17 LGs (Fig. 2) . The number of LGs of 'Housui' was established corresponding to its basic chromosome number 17. Yamamoto et al. (2007) succeeded in constructing the genetic linkage map of the European pear 'Bartlett' using the same F 1 progeny of 'Bartlett' × 'Housui'. The linkage map of 'Bartlett' consisted of 447 markers (123 SSRs, 322 AFLPs, 1 isozyme, and 1 S locus), and the number of LGs corresponded to the basic chromosome number of 17. Compared to the LG 4 (28 markers; 63.1 cM) and LG 5 (40 markers; 62.4 cM) of 'Bartlett', these LGs of 'Housui' were small and covered 9.7 cM (4 markers) and 23.2 cM (8 markers), respectively (Fig. 3) . Furthermore, LG 12 of 'Housui' was established with only one locus (Fig. 3) . A genetic linkage map of 'Housui' was constructed using a pseudo-testcross strategy. The pseudo-testcross is by far the most common method to create linkage maps in fruit trees. Two heterozygous (diploid) parent cultivars are crossed, and then the F 1 population is used for mapping. Each parent has two copies of each chromosome, and genetic linkage maps can be constructed for each of the four chromosomes. Using this method, a genetic linkage map of 'Housui' was created with molecular markers, which showed a heterozygous genotype in 'Housui' and polymorphic band patterns between 'Bartlett' and 'Housui'; therefore, short coverage of LG 4, LG5, and LG 12 indicated that large regions of these LGs were homozygous.
DNA fingerprinting of parental and ancestral cultivars of 'Housui' Genotyping of the parental and ancestral cultivars of 'Housui' was performed using 31 SSR markers located on LG 4, LG 5, and LG 12 of pear and apple maps (Table 1) . Native cultivars 'Nijisseiki', 'Wasekouzou', and 'Taihaku' showed heterozygosity on 12, 23, and 24 SSR loci, respectively whereas only 5 loci in 'Housui'. Except for NZ28f4, the genotypes of 'Housui', 'Kikusui', and 'Nijisseiki' were homozygous on all SSR loci of LG 12. 'Kousui' also showed high homozygosity on LG 12. Among 5 heterozygous loci, 'Housui' and 'Nijisseiki' showed the same genotypes on 3 loci of LG 4 and LG 12 (CH02c02b, NB131a, and NZ28f4). On another 2 loci of LG 5 (TsuENH086 and CH04f04), the allele of 'Housui' was the same as that of 'Nijisseiki'. Similarly, 'Housui' and 'Nijisseiki' had the same alleles on homozygous loci of 'Housui', indicating that these alleles might be derived from 'Nijisseiki'. On 3 loci of LG 4 (NH011a, NH209a, and CH02h11a), it was identified that both alleles of 'Housui' originated from 'Nijisseiki' via 'Kousui' and I-33 ( Fig. 1 and Table 1 ).
'Housui' was registered as a hybrid seedling cross between Ri-14 and 'Yakumo' (Kajiura et al., 1974) , but Sawamura et al. (2004) revised the parentage of 'Housui' based on SSR genotypes and cpDNA sequences. In this study, 31 SSRs were used for genotyping parental and ancestral cultivars of 'Housui', and there was no contradiction in the pedigree (Table 1) . 'Ishiiwase' was estimated as a hybrid cross of 'Doitsu' × 'Nijisseiki' (Kajiura and Sato, 1990) ; however, both cultivars were ruled out as parents of 'Ishiiwase' because of discrepancies at many SSR loci (data not shown).
In the breeding program of Japanese pear, 'Nijisseiki' was selected as a superior parent to improve texture due to its low flesh firmness; therefore, widespread commercial cultivars (e.g. 'Housui', 'Kousui', and 'Shinko') originated in 'Nijisseiki' via 'Kikusui' and 'Yakumo', indicating that these cultivars were closely related to 'Nijisseiki' (Kajiura and Sato, 1990) . From research into the narrow-sense heritability of flesh firmness, it was suggested that genes controlling low flesh firmness were pyramided and homozygous (Abe et al., 1995; Machida and Kozaki, 1976) . The LG 4, LG 5, and LG 12 of 'Housui' were small compared with the LGs of 'Bartlett', which were constructed from the same mapping population using a pseudo-testcross strategy, indicating that large regions of LG 4, LG 5, and LG 12 were homozygous in 'Housui'. In contrast, the native cultivar 'Taihaku' showed heterozygous genotypes (Table 1) , and the fresh firmness of 'Taihaku' was hard compared to other cultivars possessing large homozygous regions of LG 4, LG 5, and LG 12 (data not shown). We identified that homozygous regions existed on particular LGs in Japanese pear for the first time. This might be the result of selecting seedlings based on flesh firmness, which is an important target in breeding Fig. 2 . Genetic linkage map of the Japanese pear 'Housui'. Number to left of each marker indicates genetic distance (cM). SSR loci from pear and apple are indicated by underlining and italics, respectively. Isozyme, phenotypic traits, and specific inter-microsatellite marker are denoted according to Yamamoto et al. (2002c) . The designation of AFLP markers is based on the primer combination and sizes in bp (EcoR I primer/Mse I primer-fragment size). Distorted segregation is indicated by a significant P value of the χ 2 test: * = 0.05, ** = 0.01, and *** = 0.005.
programs of Japanese pear, and thus the identification of loci related to flesh firmness would be required. It would be interesting to consider the association between loci controlling flesh firmness and homozygous regions of 'Housui'. Flesh firmness was controlled by a polygene in apple (King et al., , 2001 Liebhard et al., 2003a) ; thus, QTL analysis will be necessary to identify genes related to fruit characteristics in Japanese pear.
